The mouse N&-5.1 and Nkx-5.2 genes have been identified by sequence homology to Drosophila NK genes within the homeobox domain. Here, we report the isolation of the Nkx-5.2 cDNA and a detailed comparative analysis of the spatio-temporal expression patterns for Nkx-5.1 and Nkr-5.2 genes. Nkx-5.2 transcripts are first detected in E13.5 embryos where they colocalize with Nkx-5.1 mRNA in the developing central nervous system and the inner ear. However, the onset of Nkx-5.1 transcription begins much earlier in 10 somite stage embryos (E8.5) in the otic placode and the branchial region. Nkx-5.1 expression in the ear persists until birth, whereas in branchial arches it is transient between E8.5 to El 1.5. Transcript distribution appears regionalized in the otic vesicle concentrating at the anterior and posterior margin and later at the dorsal side of the otocyst. These domains are distinct from regions expressing Pax-2 and sek, two other early markers for otic development. From E11.5 to birth several Nkx-5.1 expression domains appear in the brain between the ventral diencephalon and the myelencephalon. The same expression domains also exist for Nkr-5.2 beginning at E13.5. The regionally restricted expression pattern of both Nkx-5 genes during mouse development suggests their involvement in cell type specification of neuronal cells.
Introduction
Homeobox containing genes play an important role in various developmental processes. In vertebrates, Hox genes have been shown to convey positional specification along the antero-posterior axis of the body and the proximo-distal axis of the limbs (Duboule, 1992; Hunt and Krumlauf, 1992; Krumlauf, 1993) . More recently, new homeobox containing genes have been identified which are expressed in more rostra1 regions than the Hox genes. Members of this group include emx-I, emx-2, dlx-1, dlx-2 and gbx-2 (Simeone et al., 1992a; Bulfone et al., 1993) . Based on their expression patterns a role in controlling specification of head structures including development of the central nervous system (CNS) and sensory organs has been proposed. Interestingly, many members of this novel class of homeobox genes exert a biphasic expression with an early phase possibly involved in positional specifica-* Corresponding author, Tel.: +49 531 3915721; Fax: +49 531 3918178. tion of segmental body units and a later phase involved in cell type specification (Heuer et al., 1992) . This dual role is in agreement with similar dual functions of segmentation and gap genes in Drosophila. For example, eve and ftz are important for establishing segmental identities and later specifying neuronal cell types (Doe et al., 1987 (Doe et al., , 1988 . The mouse otx gene, the homologue of Drosophila otd, appears to convey positional identity to specific regions of the developing brain (neuromeres) and is later expressed in a subset of deep-layer neurons of the cerebral cortex (Simeone et al., 1992b; Figdor and Stern, 1993) .
Based on sequence homology to four distinct Drosophila NK genes (Kim and Nierenberg, 1989) , homologous homeobox genes have been identified in the mouse. Members of this new family include several Nkx-2 genes with defined expression patterns in specific regions of the embryo (Price et al., 1992; Lints et al., 1993) .
Recently, we described the partial gene sequences of Nkx-5.1 and Nkx-5.2, two novel mouse genes, containing homeoboxes that are slightly diverged from the clas-312 S. Rinkwitz-Brandt et al. I Mechanisms of Development S.? (1995) [371] [372] [373] [374] [375] [376] [377] [378] [379] [380] [381] sical NK genes (Bober et al., 1994a) . In situ hybridisation with Nkr-5.1 probes revealed activity in central and peripheral nervous structures of midgestation mouse embryos.
Here, we present a detailed comparison of the expression of both mouse Nkx-5 genes during early embryonic and fetal development.
In whole mount hybridisations Nkx-5.1 transcripts first appear in branchial arches and the otic placode at E8.5, approximately two days earlier than previously described. Comparison with other markers of otic development such as Pax-2 (Dressler et al., 1990 ) and sek (Nieto et al., 1992) demonstrates that Nkx-5.1 is one of a group of regulatory molecules which label different populations of cells in the early otic vesicle. In contrast, Nkx-5.2 expression is undetectable prior to E13.5. Subsequently, both Nkx-5.1 and Nkx-5.2 genes are active in the same regions of the brain and inner ear. These spatio-temporal expression patterns suggest that both genes may play distinctive but overlapping roles in the development of specific neuronal structures.
Results

Nucleotide sequence of Nkr-5.2 cDNA and its expression in brain and the inner ear during prenatal mouse development
A small genomic fragment encoding the Nkn-5.2 homeobox has been described previously (Bober et al., 1994a) . This fragment failed to yield interpretable signals when used as hybridisation probe on tissue sections. In order to generate a better probe, we isolated the corresponding Nkx-5.2 cDNA from an El 1.5 mouse embryo. The longest available sequence of 1470 nucleotides contains an open reading frame for 286 amino acids and the complete 3'-untranslated region including the poly(A) addition signal sequence (Fig. 1) . The Nkx-5.2 homeobox and two short conserved sequences immediately downstream are more than 90% identical to the same regions of the Nkx-5.1 gene. No significant sequence homology between both genes and any other known NK genes exists outside of these domains.
A 600 bp SmaI fragment located downstream of the homeobox was used to generate a Nkx-5.2-specific hybridisation probe (Fig. 1B) . In whole-mounted embryo preparations and on tissue sections of E7.5 to E12.5 embryos no transcripts were detected (Fig. 2C,F) . However, at E13.5 Nkx-5.2 expression was observed in the brain and in the inner ear (Figs. 3-6 ). In particular, the ventral diencephalon, the mesencephalon, the pons and the medulla oblongata, as well as the inner ear, showed strong Nkx-5.2 expression domains. Significantly, these regions of the brain do also express Nku-5. J at this developmental period (compare Fig. 2G ,H,J and Fig. 3C Fig. 7D ). Of the hindbrain domains, one resides in the metencephalon and three in the medulla oblongata.
The most prominent expression is seen in two separate non-overlapping rostra1 and caudal domains of the diencephalon. Both domains are confined to the hypothalamus with similar dorsal boundaries (Fig. 3A ,D,E). Nku-5.2 is not expressed in the thalamic region (Fig. 3B,C) . The rostra1 hybridisation signal is located in the preoptic area and the caudal one in the mammillary area ( Fig. 3D -G, see also Fig. 4 ). The latter domain extends into the ventral part of the hypothalamus which is not clearly identifiable at this stage (Fig. 4C,D) .
Nkr-5.2 expression domains in the mesencephalon and hindbrain are organized in two parallel bundels running from dorsal to ventral on both sides of the midline. These bundels were recognized as symetrical round or elliptic areas in the tegmentum (Fig. 3C ), the pons (Fig. 3D,F ) and the medulla oblongata ( Fig. 3G-K) . In addition, a single unpaired Nkx-5.2 expression domain was found just around the fourth ventricle (Fig. 3G) .
The later stages of fetal development are characterized by increasing complexity of the differentiating brain structures. At this developmental stage proliferation and migration of neuronal precursor cells cease and the formation of fibers becomes clearly visible. The distribution of Nkx-5.2 transcripts at E17.5 essentially remains the same as in brains of E14.5 embryos. The rostra1 diencephalic expression domain is now confined to the periventricular preoptic nucleus and the mediolateral preoptic nucleus (Fig. 5A) . The caudal signals appear within the dorsomedial hypothalamic nucleus, the dorsal part of the premammillary nucleus and the arcuate nucleus (Figs. S. Rinkwitz-Brand? et nl. I Mechanisms ofDevelopment 52 (1995) 5B,C and 6B,C). The characteristically elongated expresused as probe suggesting that both genes are subject to sion domains in midbrain and hindbrain may correspond identical or similar spatial activation processes. For a to the nuclei of afferent nerve fibers. In the medulla Nkxbetter concept of the three-dimensional Nkx-5 expression 5.2 expression appears in the solitary tract nucleus (Figs. domains whole brain preparations of an E15.5 embryo 5D and 6C).
and a newborn mouse were hybridised. In addition, the The detailed expression domains of Nkx-5.2 in fetal inner ear of the E15.5 embryo was dissected and hybridbrain and inner ear were also found when Nkx-5.1 was ised. As shown in Fig. 7A , the ventral aspect of the E15.5 Clear Nkr-5.2 signals are seen in the mesencephalon (CL mes), and two hypothalamic regions designated as mammillary (ma) and preoptic (poa) areas in panel D. At the level of section F the broadest signal distribution is observed in the hypothalamus (ma, poa) with a clear restriction to the preoptic area at the more ventral level (G). There is also hybridisation in the pons (F; pn) and the medulla oblongata (G, H; me). Nkr-5.2 transcripts are also detected at the more ventral level of the medulla (J, K) and in the semicircular canals (SC) of the inner ear (H. J).
brain reveals V-shaped Nkx-5.1 positive bundels in the preoptic area and two symetric stripes of expression in the mammillary region and in the medulla oblongata. In contrast, the same areas of the newborn brain exhibit only barely detectable Nkx-5.1 expression (Fig. 7C) . Expression domains located more dorsally cannot be recognized easily by this technique and are shown on the scheme (Fig. 7D) . Whole mount hybridisation of the inner ear reveals strong N~J-5. I expression in all three semicircular canals (Fig. 7B) . Similar results as shown here for Nkx-5.1 were also obtained for Nkx-5.2 (data not shown).
Nkx-5. I gene expression begins in the otic placode and in the first and second branchial arch at E8.5
In a previous study, the first Nkx-5.1 transcripts were detected by in situ hybridisation on tissue sections of E10.5 embryos. Reinvestigation on whole-mounted embryos now revealed that Nkx-5.1 expression sets in at E8.5 with one domain in the otic placode or vesicle and another one in the branchial arches (Fig. 8) . At the lo-12 somite stage, the first Nkr-5.1 transcripts appear in the invaginating otic placode which is already clearly discernible at this stage (Fig. 8B) . Nkx-5.1 positive cells seem confined to the single cell layer of columnar epithelium within the placode. To the best of our knowledge, Nkx-5.1 constitutes the first molecular marker specific for this early stage of otic development.
From E8.5 to E9.5 the invagination of the otic placode continues and leads to formation of the otic vesicle. During this period Nkx-5.1 distribution undergoes a reorganization. While Nkx-5.1 transcripts are initially distributed uniformly throughout the epithelium of the otic placode, they later appear to concentrate at the anterior and posterior margins, and at the dorsal side of the otic vesicle, whereas the ventral side is essentially free of signals ( Fig.  8D,E ; see also Fig. 9A ).
The other expression domain of Nkx-5.1 in the branchial arches appears approximately at the same time as in the otic placode. At 10 somite stage Nkx-5. I hybridisation is detected at the ventral side of the embryo (Fig. lB, arrow) with increasing signal intensity at later stages (Fig.  8C) . At E9.0 (16 somites) the signal is V-shaped in the cleft formed by the posterior edge of the first and the anterior edge of the second branchial arch (Fig. 8C, small  arrows) .
The relative intensity of the Nkx-5.1 hybridisation signals in the otic vesicle and the branchial region varies during early developmental stages. While Nkx-5.1 expression levels appear initially similar in both structures (Fig. 8B) , in 16 somite embryos expression in branchial arches increases relative to the otic vesicle (Fig. 8C) . At later stages, beyond the 20 somite stage, the signal in the branchial arches drastically decreases relative to the otic vesicle and is visualized only after prolonged staining (Fig. 8E,F) .
Nkx-5.1 is expressed in the early otic vesicle in regions different from Pax-2 and sek genes
It has been demonstrated that different parts of the otocyst acquire specific fates and develop later into different structural components of the inner ear (Li et al., 1978) . We compared Nkx-5.1 transcript distribution with the expression of Pax-2 (Dressler et al., 1990) and sek (Nieto et al., 1992) , two other mouse genes expressed during (Fig. 9A-C respectively) . Both Nkx-5.1 and sek are expressed in the dorsal part of the otocyst, while Pax-2 expression is confined to its ventral wall. Nkx-5.1 transcripts are also present at the anterior and posterior poles of the otocyst. Thus, Pax-2 and Nku-5.1 are expressed on opposite sites in a complementary pattern with a possible slight overlap at the common border. sek seems expressed in a subset of dorsal Nkx-5.1 expressing cells but does not overlap with Pax-2. This distinct transcript distribution for different regulatory genes suggests that patterning processes in the otic vesicle may start well before recognizable morphological differentiation.
Discussion
This work describes a detailed expression of Nkx-5.1 and Nkr-5.2, two novel homeobox genes of the NKrelated gene family.
Using in situ hybridisation on whole-mounted embryo preparations we determined the onset of Nkx-5.1 gene expression at E8.5, the 10-12 somite stage. Until E10.5, transcripts for the Nkx-5.1 gene are restricted to two small regions: the otic placode and parts of the first and second branchial arches. Later, distinct CNS structures also express this gene. Interestingly, the Nkx-5.2 gene which is closely linked to Nkx-5.1 on mouse chromosome 7 (Bober et al., 1994a) is first activated at E13.5 as estimated by in situ hybridisation techniques.
Distinct domains in the developing brain express both Nkx-5 genes
Transcript distribution of several homeobox genes, such as dlx, otx, emx, gbx, Nkx-2 and genes of the wnt gene family correlates with neuromeric boundaries and thus supports a concept of segmental origin of the forebrain (Figdor and Stern, 1993; Puelles and Rubenstein, 1993; Rubenstein et al., 1994; Guthrie, 1995) . The diencephalic expression of the Nkx-5 genes also seems to respect these boundaries confining them to neuromere Dl according to the designation of Figdor and Stern (1993) or to the ventral parts of neuromeres P4 and P5 according to Rubenstein et al. (1994) . In this region Nkx-5 transcripts may overlap with transcripts for Dlx and Nkx-2.1 (Puelles and Rubenstein, 1993) . However, the onset of Nkr-5 expression clearly occurs 2-4 days later. Therefore, it seems unlikely that Nkx-5 genes play a role in the establishment of neuromeric identities as was suggested for these earlier expressed regulatory genes. Significantly, the onset of Nkx-5. I transcription correlates with first cellular differentiation processes in the hypothalamus (Altman and Bayer, 1988) . Therefore, as already suggested (Bober et al., 1994a) , the Nkx-5 genes may play a role in neuronal cell specification. Despite structural similarity and the regional overlap of Nkx-5.1 and Nkx-5.2 expression, both genes may fulfill different functions as the onset of their expression is quite different. This is reminiscent of the Drosophila genes tinman (NK-4) and bag pipe (NK-3), another pair of closely linked NK genes. These genes are also activated consecutively during Drosophila development and play a role in the specification of mesodermal cell lineages (Bodmer et al., 1990; Dohrmann et al., 1990; Azpiazu et al., 1993) .
Nkx-5. I represents an early marker for otic development
The first morphologically identifiable structure of the prospective ear is the otic plate at the 2-3 somite stage (E8.0). The columnar epithelium of the otic placode becomes discernible approximately 12 h later at the 8-10 somite stage. After an additional 12 h (13 to 20 somites) rapid invagination of the otic placode can be observed eventually resulting in the formation of the otic vesicle at the 20-24 somite stage (E9.5) (Sher, 1971; Anniko and WillstrGm, 1984) . Transcripts for Nlur-5.1 are already detectable by in situ hybridisation in the forming otic placode (10 somites). Therefore, Nkx-5.1 represents the earliest known molecular marker for otic development described so far. It remains to be established whether Nkx-5.1 fulfills any critical function(s) during the initial steps of inner ear development. Functional importance of the Nkx-5.1 gene for otic development can be tested in mice lacking the gene product. Knock-out mice generated for other members of the NK-gene family have demonstrated significant roles for cell and organ specification. For example, the Nkx-5 related gene Hox-II is essential for spleen development (Roberts et al., 1994) . The nucleotide sequence of the Hox-II homeobox shows 64% identity with the corresponding Nkx-5.1 domain with sequence homology extending several amino acids downstream of the homeobox. Another example is the Nkx-2.5 gene which is important for proper heart development (Harvey, 1994) . Therefore, one can expect that Nkx-5.1 might also be essential for the formation of the organs in which it is predominantly expressed.
Nlcx-5.1 expression in branchial arches
The expression in the first branchial cleft does not correlate to any morphologically or functionally defined regions. The epibranchial placodes which are also located at the cleft between first and second branchial arch seem to be more proximal than the Nkx-5.1 expression domain (Webb and Noden, 1993) .
Interestingly, based on the Hox-a2 -I-phenotype in mice, it has been postulated that zones of polarizing activity should exist at the edges of the first two branchial arches (Gendron-Maguire et al., 1993; Rijli et al., 1993) . However, no gene products have been identified so far to be responsible for this signalling. It remains to be established whether the Nkx-5.1 protein is involved in these patterning processes. The expression of the gooscoid gene also correlates with this putative polarizing zone (Gaunt et al., 1993) , albeit gooscoid is activat ed in this region almost two days later than Nkx-5.1. Hence, if both genes play a role in the putative signal cascade, Nkx-5.1 would act upstream of gooscoid and could be involved in the generation of the polarizing activity with gooscoid being one of the responding genes involved in determination of specific regional structures,
